1. Introduction {#sec0001}
===============

General anesthesia (GA) is a drug-induced, reversible condition, which comprises five behavioral states: hypnosis (loss of consciousness), amnesia, analgesia, immobility (no movement in response to pain stimuli), and hemodynamic stability with control of the stress response ([@bib0015]; [@bib0036]; [@bib0038]; [@bib0092]). However, mechanisms by which general anesthetics cause a reversible loss of consciousness have been a long-standing mystery ([@bib0042]). The neural activity in the central nervous system during anesthesia has been already characterized at the molecular and spinal levels. The γ-aminobutyric acid type A (GABA-A) and N-methyl-[D]{.smallcaps}-aspartate (NMDA) receptors appear to be the most important targets of anesthesia ([@bib0079]; [@bib0129]). Furthermore, the general anesthetics decrease the transmission of noxious information ascending from the spinal cord to the brain ([@bib0006]; [@bib0017]; [@bib0025]). With the development of various neuroimaging techniques, the neural activity and functional connectivity (FC) patterns of the brain across different states of consciousness have been utilized to understand the mechanism of anesthetic-induced unconsciousness ([@bib0074]). Previous studies have suggested that the general anesthetics at a deep sedative dose preferentially reduced brain activation in higher-order information-processing regions but had no effect on the response of primary sensory cortices to stimuli ([@bib0004]; [@bib0060]). At the same time, connectivity studies suggested that under anesthesia, cortico-cortical connectivity reduced in higher-order brain networks, including the salience network ([@bib0049]), the default-mode network (DMN) ([@bib0048]; [@bib0061]), and the executive control network (ECN) ([@bib0013]). Despite these recent advances, no consensus has been reached on the neurological mechanisms by which anesthetic drugs induce the loss of consciousness.

GA is thought to be a sleep-like behavioral state, such as amnesia, immobility, and reversible unconsciousness. Previous studies have suggested that both cases could involve the common mechanisms in loss of consciousness ([@bib0004]; [@bib0043]). For example, connectivity studies of resting-state networks using functional magnetic resonance imaging (fMRI) have demonstrated that the alteration of cortico-cortical and thalamocortical connectivity patterns during sleep resembles that of the GA, induced by different drugs ([@bib0055]; [@bib0064]; [@bib0105]). In particular, within-network and between-network functional disconnections were found in the DMN and frontal--parietal network (FPN). Moreover, connections between DMN, FPN, primary sensors, and thalamocortical sensors were maintained during unconsciousness (both in natural sleep and GA). In contrast, some other studies have suggested that anesthetic-induced unconsciousness is mediated by a different mechanism than that for sleep. For example, propofol-induced unconsciousness was found to be associated with preserved DMN connectivity in the posterior cingulate gyrus/precuneus; while, during natural sleep state, ECN connectivity with the bilateral superior parietal lobules was preserved compared with propofol- and dexmedetomidine-induced unconsciousness ([@bib0051]). Certainly, the hypothesis that GA and sleep share brain mechanisms still need more confirmation and detailed investigation. Nonetheless, its comparisons with the features of natural sleep could help us understand how anesthetics work and the neuronal circuits the anesthetics affect ([@bib0042]; [@bib0043]).

Propofol is one of the most commonly used hypnotics agents that reversibly induce a state of unconsciousness ([@bib0015]). The neurological mechanism of propofol-induced anesthesia has always been a major focus ([@bib0066]; [@bib0103]). Recently, some studies have indicated that PIS is associated with regional hypo-metabolism in a widespread cortical network; the metabolism of bilateral frontal and parietal associative regions was encompassed, while that of sensory and motor cortices was relatively preserved ([@bib0005]; [@bib0007]; [@bib0128]). Meanwhile, some anesthesia studies focused on the posterior cingulate cortex (PCC)/ precuneus and have shown the alteration of the connectivity pattern induced by propofol ([@bib0050]; [@bib0072]; [@bib0105]). More recent studies indicated that the higher-order, resting-state networks, such as the external control and salience networks, were involved in the alteration of consciousness ([@bib0013]; [@bib0049]; [@bib0070]). There is great progress in understanding how propofol acts on the corticocortical connectivity of functional networks; however, the mechanism of propofol-induced sedation, its similarities, and differences with the natural sleep remain unclear.

Graph theoretical network analysis has been widely used to study the functional architecture of the brain ([@bib0058]; [@bib0087]; [@bib0100]). A ubiquitous feature of network organization is the existence of highly connected nodes, which often hold privileged positions of functional importance but are also points of vulnerability, as attacks targeting these nodes will lead to the rapid disintegration of the system as a whole ([@bib0003]; [@bib0009]; [@bib0056]; [@bib0088]; [@bib0114]). These have been termed rich-clubs, which are elite cliques of high-degree network hubs that are connected topologically with high efficiency (i.e., short path length between any pair of rich-club nodes) ([@bib0108]). Many complex systems can be partitioned into a small rich-club and a large poor periphery. The rich-club usually plays a central role in the static and dynamic processes of the complex systems and is important for the overall function of the network ([@bib0023]; [@bib0108]). Therefore, significant attention has been paid to the prominent effects of the richest elements and their organization ([@bib0031]; [@bib0122]). Previous studies based on neuroanatomically informed network architectures have highlighted the important role of rich-clubs, which are disrupted or reconfigured after exposure to different general anesthetics (i.e., propofol, sevoflurane, and ketamine) ([@bib0012]; [@bib0065]; [@bib0077]; [@bib0081]; [@bib0100]). Based on these studies, we hypothesized that (i) the rich-clubs reorganize in the functional brain network from consciousness to unconsciousness induced by propofol; and (ii) the alteration of rich-club regions may be mainly distributed in high-order cognitive networks. To test these hypotheses, we constructed large-scale functional brain networks based on fMRI during pharmacological unconsciousness (including wakefulness, mild propofol-induced sedation \[m-PIS\] and deep PIS \[d-PIS\]) and physiological unconsciousness (including wakefulness and natural sleep). Then, based on the graph theory, rich-club organization and nodal properties (nodal strength and efficiency) of the brain network were assessed and analyzed across PIS and natural sleep.

2. Materials and methods {#sec0002}
========================

2.1. Participants {#sec0003}
-----------------

The study was approved by the Institutional Review Board of Beijing Tong Ren Hospital affiliated to Capital Medical University. All subjects gave written informed consent before joining the study.

Initially, 24 right-handed and healthy volunteers were recruited to participate in the study from December 1, 2015, to November 30, 2016. Twelve participants who could easily fall asleep were assigned to the sleep group, and another12 participants were included in the PIS group: 6 males (M) and 6 females (F) in both groups. According to the physical examination and mental evaluation by Wechsler Adult Intelligence Scale-Revised China (WAIS-RC), all subjects were assessed for both physical and psychiatric health. All subjects were fit and well (BMI\<30, American Society of Anesthesiology grade I). Subjects with the following conditions were excluded: (i) a history of allergy, head trauma or surgery, drug addiction, asthma, motion sickness, or previous problems during anesthesia; (ii) a contraindication to MRI examination, such as vascular clips or metallic implants, dental filling, or claustrophobia; (iii) the females in menstrual periods and menopause. Finally, the dataset utilized in our study is a subset of the initial dataset and is identical to the data used in our previous study ([@bib0069])., including 8 participants in the PIS group (4 M/4F; mean age ± SD: 24.5 ± 5.2 y) and 9 participants (4M5 F, mean age ± SD: 23.5 ± 3.8 y) in the sleep group. The exclusion criteria included: (i) a dysphoric reaction to propofol causing great body movement; (ii) 3.0 mm and 3.0° in max head motion in the preprocessing step. Detailed demographics for all participants are listed in [Table 1](#tbl0001){ref-type="table"}. Additionally, before the data acquisition, participants in the PIS group followed the standard pre-anesthesia fasting regimen with fluid restrictions. Upon completion of the experiment, the subjects were discharged after full recovery (Post-Anesthetic Discharge Scoring System scoring \> 9).Table 1Demographic and clinical details of the participants.Table 1Propofol-induced sedationNatural sleepWakefulnessm-PISd-PISSleepNumber of Subjects89Gender (M/F)4 M / 4F4 M / 5FAge (Mean ± SD)24.5 ± 5.223.5 ± 3.8Ramsay Sedation Scale\\3--45--6/Physiological ParametersHR (bpm)64.6 ± 13.4859.7 ± 11.1259.83 ± 13.69/SpO~2~(%)97.8 ± 0.7597.6 ± 0.4996.97 ± 0.70/MAP (mmHg)[\*](#tb1fn1){ref-type="table-fn"}81.73 ± 8.9072.03 ± 6.3062.26 ± 7.96/PetCO~2~ (mmHg)40.2 ± 2.6340.8 ± 2.9341.13 ± 3.51/[^3][^4][^5]

2.2. Experimental protocol {#sec0004}
--------------------------

The experimental protocol was described in detail in our previous study ([@bib0069]). All participants were scanned in wakefulness, in a relaxed state with eyes closed. Participants in the PIS group were intravenously injected with 1% propofol (Diprivan, AstraZeneca UK Limited) through a target-controlled infusion pump (Graseby 3500 pump, Smiths Medical International Ltd.) programmed with the Marsh model ([@bib0001]; [@bib0002]; [@bib0076]). The target effect-site concentrations (Ce) were set to 0.5--2.0 μg/ml with a 0.5 μg/ml interval. When the pre-setting concentrations were reached, a 5-min pause was allowed for equilibration, and the fMRI data were acquired for a total scanning time of 400 s. Meanwhile, sedation states were evaluated by the Ramsay Sedation Scale (RSS) ([@bib0084]; [@bib0093]; [@bib0105]). When the RSS score reached 3 or 4, the subjects were considered to reach the m-PIS state. When the RSS score reached 5 or 6, they were considered to reach the [d]{.smallcaps}-PIS state. Meanwhile, for all subjects, physiological parameters including heart rate (HR), oxyhemoglobin saturation (SpO~2~), mean arterial pressure (MAP), and end-tidal carbon dioxide (PetCO~2~) were continuously recorded during the entire procedure. Importantly, there was no significant difference for HR, SpO~2~, and PetCO~2~ among wakefulness, m-PIS, and [d]{.smallcaps}-PIS, while MAP was significantly decreased during [d]{.smallcaps}-PIS compared with wakefulness and m-PIS. Accordingly, we considered the MAP parameter as a covariate of no interest in statistical analysis for the rich-club organization. The details of the physiological parameters are shown in [Table 1](#tbl0001){ref-type="table"}. Two dedicated veteran anesthesiologists were responsible for the administration of propofol and monitoring of physiological status during the entire session.

Participants in the sleep group were not injected with any drug or suspension. All subjects spontaneously fell asleep under the scanner. Meanwhile, MRI-compatible electroencephalogram (EEG) (MP150, BIOPAC Systems, Inc.) signals were acquired to evaluate the stage of sleep. A special EEG expert determined the sleep stage for this study. Importantly, the fMRI data during the non-rapid-eye-movement (NREM) sleep stage 2 (N2) were extracted and analyzed. The EEG analysis for sleep stage identification was provided in Supplementary material, which is the same as in our prior study ([@bib0069]).

2.3. Data acquisition {#sec0005}
---------------------

The fMRI data acquisition consisted of resting-state fMRI volumes in three states in the PIS group (wakefulness, m-PIS, and [d]{.smallcaps}-PIS) and two states in the sleep group (wakefulness and sleep). Functional images were acquired using a GE Signa HDxt 3.0T MRI scanner (General Electric Medical Systems, Milwaukee, WI, USA) at the Tong Ren Hospital. For each subject, a high-resolution structural image was acquired by a three-dimensional MRI sequence using an axial fast spoiled gradient recalled sequence (FSGPR) with the following parameters: repetition time (TR) = 8.876 ms, echo time (TE) = 3.516 ms, flip angle (FA) = 13°, data matrix = 256 × 256, and field of view (FOA) = 256 mm × 256 mm with 196 continuous sagittal slices of 1-mm thickness. The functional images were obtained with an echo-planer imaging (EPI) sequence with the following parameters: TR = 2000 ms, TE = 35 ms, FA = 90°, data matrix = 64 × 64, resolution = 3.75 × 3.75 mm, and slices thickness = 5 mm with an inter-slice gap of 1 mm. For each subject, a total of 200 volumes with 28 axial slices were acquired, resulting in a total scan time of 400 s. All participants were fixed to avoid head or body motion in the state of unconsciousness (natural sleep and PIS states).

2.4. Data preprocessing {#sec0006}
-----------------------

The preprocessing was operated using statistical parametric mapping (SPM) (SPM8, <http://www.fil.ion.ucl.ac.uk/spm/>) and data processing & analysis for brain imaging (resting-state) (DPABI, <http://www.rfmri.org/dpabi>) ([@bib0124]). Firstly, the first 10 volumes in the time series were excluded to avoid nonequilibrium effects in the MR signal, and the functional images were corrected for the slice-timing by interpolating the voxel time using slice interpolation. Next, all functional images were spatially realigned for head movement correction and co-registered to their corresponding anatomical images. The resulting images were then spatially normalized to the Montreal Neurological Institute space and resampled to 3 × 3 × 3 mm^3^ voxels ([@bib0039]). The spatial smoothing was performed using a Gaussian kernel with 6 mm full-width at half maximum The following band-pass temporal filtering with a 0.01--0.10 Hz cutoff was used to minimize the physiological noise of high-frequency components because previous studies have indicated that network fluctuation is maximally observed at low frequencies ([@bib0014]; [@bib0046]; [@bib0086]). Although the emerging evidence has demonstrated that spontaneous activities may persist in higher frequency bands (above 0.1 Hz) ([@bib0020]; [@bib0027]; [@bib0028]), mechanisms underlying the present observations were not yet conclusive ([@bib0020]). Hence, the typical frequency range (0.01 -- 0.10 Hz) was adopted in our study. Finally, the potential sources of 24 head motion parameters, global signals (GS), white matter signals, and cerebrospinal fluid signals were regressed out to remove their effects. In particular, the 24-movement parameter included the 6-current and 6-past position parameters, along with the square of each current and past parameter ([@bib0044]; [@bib0123]).

Given a possible confounding effect of micro-movements on functional connectivity ([@bib0113]), the framewise displacement (FD) values were calculated for each subject using the Jenkinson formula, which reflects the temporal derivative of the movement parameters ([@bib0091]; [@bib0125]). The subjects who had mean FD \> 0.5 mm, translation \> 3 mm, or rotation \> 3° were excluded. The remaining 8 participants (4 M/4F) in the PIS group and 9 participants (4 M/5F) in the sleep group were included for further analysis.

GS regression (GSR) is one of the most debated preprocessing strategies for resting-state fMRI ([@bib0067]; [@bib0083]). GSR may increase tissue sensitivity, decrease motion dependency, and enhance the overall neuronal-hemodynamic correspondence ([@bib0041]; [@bib0062]; [@bib0097]; [@bib0123]); however, it also alters the inter-individual differences at the group level ([@bib0047]; [@bib0096]; [@bib0121]). More importantly, the GS is related to neural activity ([@bib0098]) and exhibits a significant negative correlation with EEG measures of vigilance across the subjects ([@bib0119]). To date, the consensus has not been reached on the standards for the use of GSR ([@bib0121]). One of the recent studies with propofol has shown that upon the application of GSR, there were more functional brain networks observed with significant task modulation of temporal variability during wakefulness compared with that without GSR ([@bib0059]). These improvements may be resulting from the fact that GSR can further remove nonneuronal sources of global variance such as respiration and movement. For these reasons, GSR was also performed in our study.

2.5. Functional brain networks construction {#sec0007}
-------------------------------------------

The functional brain network for each subject was constructed firstly according to the Dos-160 template, including 160 regions of interest (ROIs) ([Fig. 1](#fig0001){ref-type="fig"}) ([@bib0034]). The template was regarded as the optimal template for constructing functional brain networks ([@bib0115]; [@bib0126]) and has been applied in numerous brain imaging studies and integrated into several brain network toolboxes ([@bib0018]; [@bib0021]; [@bib0116]; [@bib0120]). Additionally, a recent study used this template to integrate the rich-club organization of functional brain networks ([@bib0115]). The 160 ROIs were assigned to 6 functional brain subnetworks, which included the default mode network (DMN), the fronto-parietal network (FPN), cingulo-opercular network (CON), sensorimotor network (SMN), occipital network (ON), and cerebellum network (CN) ([@bib0115]; [@bib0126]). Firstly, for each subject, the mean BOLD signal time series from the 160 ROIs (spherical radius of 5 mm) were extracted by averaging the time courses of all the voxels within the ROIs. Next, Pearson\'s linear correlation was calculated between the mean time series of each ROI. Then, a 160\*160 symmetric correlation matrix was constructed and the Fisher-z transformation was applied to the symmetric correlation matric. Moreover, because of the present ambiguity regarding the meaning of negative correlation ([@bib0019]; [@bib0082]; [@bib0098]), the absolute value matrix was calculated in our study, and the diagonal values were set to zeros. Finally, the connectivity matrices were threshold by cost (i.e., connection density) following the previous graph-based study of the brain network ([@bib0118]). Our study investigated the different costs: 10%, 12%, 15%, and 20%. The cost of 10% was reported in the main text and results for other costs (12%, 15%, and 20%) were presented in the Supplementary material to ensure that the results did not depend solely on one cost.Fig. 1The regions of interest (ROIs) in the Dos-160 template. The different colors represented different brain functional networks. DMN: the default mode network, FPN: the fronto-parietal network, CON: the cingulo-opercular network, SMN: the sensorimotor network, ON: the occipital network, CN: the cerebellum network.(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)Fig. 1

2.6. Rich-club analysis {#sec0008}
=======================

2.6.1. Rich-club organization {#sec0009}
-----------------------------

Rich-club organization based on the group-averaged network can be analyzed in either unweighted or weighted functional networks. In our study, the weighted networks were adopted to analyze the rich-club organization alteration between propofol-induced sedation and natural sleep. The weighted network nodes were defined as 90 ROIs based on the Dos-160 atlas and these nodes were linked by edges with weights denoting function connectivity between the two regions. For a weighted network, the rich-club nodes were defined according to the group-averaged weighted network in the following steps. Firstly, all FCs of the network were ranked according to the connectivity weight, resulting in a vector *W^ranked^*. The degree (k) of each node was computed as the number of links to other nodes in the network. Next, for each value of *k*, we selected the set of nodes with a degree larger than *k*, counted the number of links *E* \> *k*, and computed their collective weight *W* \> *k* as the sum of the weights of the resulting *E* \> *k* connections. The weighted rich-club parameter *ϕ^w^*(*k*) was defined as the ratio between *W* \> *k* and the sum of the weights of the strongest *E* \> *k* connections, given by the top *E* \> *k* number of connections of the ranked connections in *W^ranked^*. That is, *ϕ^w^*(*k*) is given by$$\phi^{w}\left( k \right) = = \frac{W_{> k}}{\sum_{l = 1}^{E_{> k}}w_{l}^{ranked}}$$

Based on each weighted network, we formed *l* = 1,000 random networks by keeping the original weights and degrees. From each of the randomized networks, for each level of *k*, we estimated the rich-club coefficient $\phi_{norm}^{w}\left( k \right)$. Furthermore, we computed the mean *ϕ~norm~*(*k*) by averaging the rich-club coefficients across all the random networks. The normalized rich-club coefficient $\phi_{norm}^{w}\left( k \right)$ is given by ([@bib0095]; [@bib0111]):$$\phi_{norm}^{w}\left( k \right) = \frac{\phi^{w}\left( k \right)}{\phi_{random}\left( k \right)}$$

Previous studies have shown that the weighted network had a rich-club organization for $\phi_{norm}^{w}\left( k \right)\;$\> 1 over a continuous range of *k*s ([@bib0095]; [@bib0111]).

2.7. Classification of nodes and connections {#sec0010}
--------------------------------------------

Group of rich-club members was selected based on a group-averaged and sparse network, averaging the individual weighted brain functional networks across the group of participants ([@bib0111]). As was the case for small-world and scale-free organization ([@bib0095]), the presence of rich-club organizations should be regarded as a topological property of the network as a whole, with the rich-club organization associated with a range of degrees *k* when *ϕ~norm~*(*k*) exceeds 1.

Rich-club selection allowed for the classification of the edges of the network into three connection classes; "rich-club" connections (linking the rich-club members), "feeder connections" (linking rich-club nodes to non-rich-club nodes), and "local connections" (describing the network connections that linked the non-rich-club nodes) ([@bib0111]). [Fig. 2](#fig0002){ref-type="fig"}A provides a schematic illustration of the two classes of nodes and three classes of connections.Fig. 2The rich-club organization and the distribution of rich-club regions of the PIS group. (A) Schematic diagram of a network with high-degree rich-club nodes (blue) that are also highly connected among one another. The connection among rich-club nodes is so-called rich-club connections (red), while connections linking rich-club nodes to non-rich-club nodes are labeled feeder connections (orange) and connections among non-rich-club nodes are local connections (yellow). (B) Rich-club coefficients normalized relative to random are shown in blue (wakefulness), green (m-PIS), red (d-PIS). The coefficients are plotted against degree, between 11 and 35. (C) Number and percent of rich-club regions during wakefulness (left), m-PIS (middle) and [d]{.smallcaps}-PIS (right). (D) The percent of rich-club regions in the different functional brain networks during wakefulness (left), m-PIS (middle) and [d]{.smallcaps}-PIS (right). (E) The distribution of rich-club regions in the whole brain network during wakefulness (left), m-PIS (middle) and [d]{.smallcaps}-PIS (right). The different colors represented different brain functional networks.(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)Fig. 2

2.8. Nodal properties analysis {#sec0011}
------------------------------

To further explore the importance of rich-club regions, nodal properties i.e. nodal strength and nodal efficiency were calculated and analyzed. They are defined as follows ([@bib0117]):

Nodal strength (NS) is the sum of the edge weights of all the connections of a node:$$NS_{i} = \sum_{j \in N}W_{ij}$$Where, *W~ij~* is the edge weight between node *i* and node *j*. It quantifies whether a node is relevant to the graph.

Nodal efficiency (NE) is the inverse of the characteristic path length between the pair of nodes:$$NE_{i} = \frac{1}{N - 1}\sum_{j \neq i \in G}\frac{1}{L_{ij}}$$Where, *L~ij~* is the weighted characteristic path length between nodes *i* and *j*.

2.9. Statistical analysis {#sec0012}
=========================

Differences of rich-club organization and nodal properties (nodal strength and efficiency) among different states in the PIS group and sleep group were tested using three different methods: (i) one-way repeated measured analysis of variance (ANOVA) for the whole process of sedation (including wakefulness, m-PIS, and [d]{.smallcaps}-PIS) in the PIS group and a paired two-tailed *t*-test as an orthogonal analysis to find differences between the different states, (ii) a two-tailed paired *t*-test to probe the differences between wakefulness and sleep states in the sleep group, (iii) a two-tailed two-sample *t*-test to determine the significant alteration between the mild/deep sedation and natural sleep. Additionally, three parameters including age, gender, and MAP were considered as covariates of no interest and regressed out to avoid their effects. Finally, all p values less than 0.05 and the false discovery rate (FDR) correction was set to determine the significance level.

3. Results {#sec0013}
==========

3.1. Rich-club analysis in propofol-induced sedation group {#sec0014}
----------------------------------------------------------

### 3.1.1. Rich-club organization in functional brain networks {#sec0015}

The relevant rich-club parameters were calculated to quantify the rich-club organization of the network from consciousness to unconsciousness induced by propofol. The group-averaged functional network during wakefulness, m-PIS, and [d]{.smallcaps}-PIS states revealed the rich-club organization. The rich-club coefficient curves (*R~norm~*) of the different states are presented in [Fig. 2](#fig0002){ref-type="fig"}B. Compared with the wakefulness and m-PIS states, the rich-club parameter (k  ≤  25) increased in the [d]{.smallcaps}-PIS state. Rich-club parameters (25  ≤  k  ≤  30) in the m-PIS state slightly decreased compared with the wakefulness state. Furthermore, as is the case of small-world and scale-free organization, the presence of rich-club organization should be regarded as a topological property of the network, with the rich-club organization associated with a range of degrees k with *R~norm~* exceed 1. Previous studies have shown consistent results when examining rich-clubs across different selection thresholds ([@bib0052]; [@bib0094]; [@bib0112], [@bib0111]). In our study, we chose the degree (*k* = 28) to explore the alteration of rich-club regions and connections from consciousness to unconsciousness induced by propofol. The rich-club organization for the different degree levels in the PIS group is shown in Supplementary Figure 1.

### 3.2. Distribution of rich-club regions during propofol-induced sedation {#sec0016}

The rich-club regions were selected on a group level, as described in several previous studies ([@bib0008]; [@bib0032]; [@bib0068]; [@bib0130]). The number and percentage of rich-club regions at the *k* = 28 level in three different states are shown in [Fig. 2](#fig0002){ref-type="fig"}C. The percent of rich-club nodes across the different states did not show any remarkable change (wakefulness: 16 rich-club nodes, 10.00%; m-PIS: 17, 10.6%; [d]{.smallcaps}-PIS: 19, 11.88%), which indicated that the number of rich-club nodes was consistent during the whole process of sedation induced by propofol. However, the distribution of rich-club regions in brain intrinsic networks was different among the different states. As shown in [Fig. 2](#fig0002){ref-type="fig"}D, the main rich-club nodes in the wakefulness state were distributed in the DMN (50%), FPN (12.50%), CON (18.75%), and SMN (18.75%), with none of the rich-club nodes in the ON and CN. The main rich-club nodes in the m-PIS state were distributed uniformly in the DMN (17.65%), FPN (47.06%), CON (5.88%), ON (11.76%), and CN (17.65%), and none of the rich-club nodes were observed in the SMN network. All rich-club nodes in the [d]{.smallcaps}-PIS were located in the DMN (26.32%), and others were uniformly distributed in the FPN (36.84%), CON (10.53%), SMN (5.26%), ON (15.79%), and CN (5.26%). These results suggested that the rich-club regions were reorganized from consciousness to unconsciousness induced by propofol. Particularly, a part of the rich-club regions was switched between high-order cognitive systems network (DMN and FPN) and sensory systems (SMN and ON).

To further explore the reorganization of rich-clubs, the transformation of detailed rich-club regions was examined. As shown in [Fig. 2](#fig0002){ref-type="fig"}E, in the wakefulness state, most of these rich-club nodes were located in the bilateral angular gyrus, anterior insula, middle insula, bilateral post cingulate cortex (PCC), precentral gyrus, precuneus, dorsal prefrontal cortex (dPFC), superior frontal cortex, inferior parietal lobe (IPL), and temporal gyrus. However, in both m-PIS and [d]{.smallcaps}-PIS states, the majority of the rich-club nodes were located in the anterior cingulate cortex (ACC), inferior parietal lobe (IPL), inferior parietal sulcus (IPS), dorsal prefrontal cortex, and medial cerebellum. Furthermore, a part of the rich-club nodes including the precuneus, lateral and medial cerebellum, and occipital was present only in the m-PIS, whereas, rich-club nodes including angular and posterior occipital gyrus were present only in the [d]{.smallcaps}-PIS state. Additionally, we found the results of robustness for the costs of 12%, 15%, and 18% (Supplementary Figure 2 - 4). The above results suggested that the rich-club regions in the wakefulness state, including the superior frontal, post cingulate cortex, and anterior and middle insula were the first to be affected by propofol. As the depth of sedation subsequently increased to unconsciousness, the rich-club regions, including the ventral anterior prefrontal cortex, precuneus, and part of the anterior and middle occipital cortex, follow. Moreover, during unconsciousness induced by propofol, the rich-club regions, including the medial cerebellum, inferior parietal lobe, and sulcus (IPL and IPS) were found to play a crucial role.

### 3.3. The density of rich-club, feeder and local connections {#sec0017}

On the basis of the categorization of the brain regions in rich-club and non-rich-club regions, network connections can be classified into three topological categories: rich-club connection, feeder connection, and local connection ([Fig. 2](#fig0002){ref-type="fig"}A). The number of three categories of connections with respect to different states were significantly altered (repeated measurements of ANOVA, rich-club, *F* = 4.1160; *p* = 0.0393; feeder: *F* = 4.1073, *p* = 0.0395; local: *F* = 4.3986, *p* = 0.0329). The details are shown in [Fig. 3](#fig0003){ref-type="fig"}A. Compared with the wakefulness, the number of rich-club and feeder connections significantly increased during the [d]{.smallcaps}-PIS (two-tail paired *t*-test, rich-club: *T* = 2.5118, *p* = 0.0403; feeder: *T* = 2.4326, *p* = 0.0452) and the number of local connections significantly decreased (*T* = −2.5061, *p* = 0.0406). The number of rich-club connections in the [d]{.smallcaps}-PIS state was significantly larger than that in the m-PIS state (*T* = 2.3852, *p* = 0.0485). Moreover, the strength of local connections showed similar results (*F* = 10.2768, *p* = 0.0018). The details are shown in [Fig. 3](#fig0003){ref-type="fig"}B. Compared to the wakefulness state, the strength of local connections was significantly lower in the m-PIS (*T* = −2.3638, *p* = 0.0500) and [d]{.smallcaps}-PIS states (*T* = −4.5517, *p* = 0.0026). Additionally, the strength of rich-club connections in the [d]{.smallcaps}-PIS state was significantly increased compared with that in the m-PIS state (*T* = −2.3942, *p* = 0.0479). These results suggest that local connections tended to be switched to rich-club connections during unconsciousness induced by propofol and the communications of the intra-rich-club organization as well as the between-rich-club and non-rich-club organizations were strengthened.Fig. 3The significant alteration in the number and strength of different categories of connections in the PIS group. (A) The significant alteration in the number of rich-club (left), feeder (middle) and local (right) connections. \* represented the significant difference between the different states (*p*\<0.05). Error bar represented a standard error of mean (SEM). (B) The significant alteration in the strength of rich-club (left), feeder (middle) and local (right) connections. (C) The distribution of different categories of connections in the group-averaged functional brain network during wakefulness (left), m-PIS (middle) and [d]{.smallcaps}-PIS (right). The different colors represented the different categories of connections (red: rich-club connection; orange: feeder connection; yellow: local connection).(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)Fig. 3

Furthermore, the distribution of the three classified connections in the functional brain network was altered ([Fig. 3](#fig0003){ref-type="fig"}C). In the wakefulness state, the intra-network rich-club connections were mainly located in the DMN, with some in the FPN, CON, and SMN. The inter-network rich-club connections were distributed in the connections between the DMN, FPN, CON, and SMN. However, the intra-network rich-club connections were transferred to the FPN and CN, and inter-network rich-club connections were mainly located in the connections of FPN, CON, and CN in the m-PIS state. Finally, the rich-club connections in the [d]{.smallcaps}-PIS state were intra-module and inter-module connections between the DMN and FPN. Meanwhile, we found the results of robustness for the costs of 12%, 15%, and 18%. These results suggest that the spatial distribution of rich-club connections was indeed affected by propofol. During propofol-induced unconsciousness, more rich-club connections were located in the intra-network connections of FPN and inter-network connections between FPN and other functional networks.

3.4. Rich-club analysis in natural sleep group {#sec0018}
----------------------------------------------

### 3.4.1. Distribution of rich-club regions during natural sleep {#sec0019}

The same procedure of rich-club analysis was adopted for the sleep group as that of the PIS group. Importantly, for an unbiased comparison between the PIS and the sleep groups, the degree level of rich-club organization in the sleep group was altered to *k* = 26 to obtain similar numbers of rich-club regions ([Fig. 4](#fig0004){ref-type="fig"}A). The rich-club organization for the different degree levels was shown in Supplementary Figure 8. For the sleep group, in both wakefulness and sleep states, the number and percentage of the rich-club nodes were the same: 17% and 10.63%, respectively ([Fig. 4](#fig0004){ref-type="fig"}B). However, the distribution of rich-club nodes across the two states was different. Specifically, in the wakefulness state, most of the rich-club nodes were located in the DMN and others were uniformly distributed in the FPN (11.76%), SMN (5.88%), ON (11.76%), and CN (11.76%). In the sleep state, however, the rich-club nodes were mainly distributed in the DMN (29.41%), SMN (35.29%), and ON (17.65%), with others in the FPN (11.76%) and CON (5.88%). The details are shown in [Fig. 4](#fig0004){ref-type="fig"}C. Furthermore, rich-club nodes during the wakefulness consisted of anterior and posterior cingulate cortex, angular gyrus, IPL, IPS, lateral cerebellum, PCC, precuneus, and occipital gyrus, while the rich-club nodes during the sleep state consisted of angular gyrus, dorsal and superior frontal cortex, middle insula, PCC, and a part of occipital and temporal lobes ([Fig. 4](#fig0004){ref-type="fig"}D). These results suggest that the rich-club regions were transferred from the high-order cognitive systems network (DMN) and cerebellum system (CN) to the sensory systems (ON and SMN) during the process of unconsciousness induced by natural sleep. The details of rich-club distribution in the sleep group for the cost of 12%, 15%, and 18% are shown in Supplementary Figure 9 - 11. Along with the results of the rich-club organization in the PIS group, our findings suggest that the reorganization did occur in the loss of consciousness induced by both propofol and natural sleep. The transformation patterns of the rich-club regions, however, were slightly different.Fig. 4The rich-club organization and the distribution of rich-club regions in the sleep group. (A) Rich-club coefficients normalized relative to random are shown in blue (wakefulness), red (sleep). The coefficients were plotted against degree, between 11 and 35. (B) Number and percent of rich-club regions during wakefulness (left) and sleep (right). (C) The percent of rich-club regions in the different functional brain networks during wakefulness (left) and sleep (right). (D) The distribution of rich-club regions in the whole brain network during wakefulness (left) and sleep (right). The different colors represented different brain functional networks.(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)Fig. 4

### 3.5. The density of rich-club, feeder, and local connections {#sec0020}

The number and strength of different categories of connections were not significantly different between wakefulness and sleep states (*p* \> 0.05) ([Fig. 5](#fig0005){ref-type="fig"}A and B). The details of different connection categories in the sleep group for the cost of 12%, 15%, and 18% are shown in Supplementary Figure 12--14. However, the distribution of rich-club connections was markedly altered in the sleep state compared with that in the wakefulness state. In the wakefulness state, rich-club and feeder connections were located in the intra-network connections of the DMN and inter-network connections between the DMN, FPN, and CN. In the sleep state, rich-club connections were located in the intra- and inter-networks of the DMN, FPN, SMN, CON, and ON. These results indicated that there was no global alteration in the different categories of connections in the sleep state. However, the spatial distributions of three categories of connections were different.Fig. 5The significant alteration in the number and strength of different categories of connections in the sleep group. (A) The significant alteration in the number of rich-club (left), feeder (middle) and local (right) connections. \* represented the significant difference between the different states (*p*\<0.05). Error bar represented SEM. (B) The significant alteration in the strength of rich-club (left), feeder (middle) and local (right) connections. (C) The distribution of different categories of connections in the group-averaged functional brain network during wakefulness (left) and sleep (right). The different colors represented the different categories of connections (red represented rich-club connection; orange: feeder connection; yellow: local connection).(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)Fig. 5

### 3.6. Connection alterations between propofol-induced sedation and natural sleep {#sec0021}

To further investigate the alterations in different types of unconsciousness, the number and strength of different connection categories were compared between the sedation (m-PIS and [d]{.smallcaps}-PIS) and sleep states ([Fig. 6](#fig0006){ref-type="fig"}A and B). Compared with the sleep state, the number and strength of rich-club connections were significantly increased in the [d]{.smallcaps}-PIS state (two-tail two-sample *t*-test, number: *T* = 3.3887, *p* = 0.0041; strength: *T* = 3.0426, *p* = 0.0082). Furthermore, the number and strength of local connections were significantly decreased (number: *T* = −2.5037, *p* = 0.0243; strength: *T* = −4.4614, *p* = 0.0005). There was no significant difference between the m-PIS and sleep states, except for the strength of local connections (*T* = −2.9496, *p* = 0.0099). Combined with the above results, these results indicate that the pattern of rich-club reorganization in the functional brain network could distinguish propofol-induced unconsciousness from sleep-induced unconsciousness.Fig. 6The significant alteration in the number and strength of different categories of connections between PIS and sleep. (A) The significant alteration in the number of rich-club (left), feeder (middle) and local (right) connections between m-PIS and sleep. (B) The significant alteration in the strength of rich-club (left), feeder (middle) and local (right) connections between [d]{.smallcaps}-PIS and sleep. \* represented the significant difference between the different states (*p*\<0.05). Error bar represented SEM.Fig. 6

3.7. The analysis of local topological properties {#sec0022}
-------------------------------------------------

### 3.7.1. Decreased nodal strength and efficiency in pis states {#sec0023}

We further investigated the local alterations of rich-club and non-rich-club regions from consciousness to unconsciousness induced by propofol. In graph theory and network analysis, the basic and common topological properties of weighted networks are nodal strength and nodal efficiency ([@bib0095]). Previous studies have indicated that rich-clubs play a central role in the overall brain network and have a strong positive impact on the global efficiency of the network ([@bib0032]; [@bib0052]; [@bib0068]; [@bib0111]). Therefore, we identified the brain regions showing significant inter-group differences in the local topological properties, including nodal strength and nodal efficiency. Compared with the wakefulness state, during m-PIS and [d]{.smallcaps}-PIS, nodal strength was significantly decreased in the right middle insula, bilateral temporal gyrus, and left precentral gyrus and significantly increased in the left anterior prefrontal cortex. When compared with the m-PIS state, the nodal strength of the left precentral gyrus was significantly high in the [d]{.smallcaps}-PIS state. The details are shown in [Fig. 7](#fig0007){ref-type="fig"}A. When compared with the wakefulness state, nodal efficiency was significantly high in the left ventral medial PFC (vmPFC), left anterior insula (aInsula), right middle insula, right frontal gyrus, left precentral gyrus, right parietal gyrus and bilateral temporal gyrus during the PIS state. Moreover, the nodal efficiency of the left ventral frontal cortex (vFC) was markedly decreased in the [d]{.smallcaps}-PIS, compared with that in the wakefulness and m-PIS states ([Fig. 7](#fig0007){ref-type="fig"}B). All p values of nodal topological properties in significantly altered regions were less than 0.05 after the FDR correction.Fig. 7The significant alteration of the topological properties in the PIS group. (A) The significant alteration of nodal strength. (B) The significant alteration of nodal efficiency. Left: The distribution of the significantly altered brain region. The larger size of the ball represented the smaller p-value. The different colors represented different brain functional networks. As was shown in [Fig. 1](#fig0001){ref-type="fig"}. Right: The detailed significant alteration of brain regions between the different states. \* represented the significant difference between the different states (*p*\<0.05, FDR correction for 160 nodes). Error bar represented SEM.(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)Fig. 7

### 3.8. Alteration of nodal strength and efficiency in natural sleep state {#sec0024}

In this study, we also studied alterations in the local topological properties of the functional brain networks during the sleep states. When compared with the wakefulness state, nodal strength was significantly decreased in the right pre-supplementary motor area (preSMA) and right precuneus during the sleep state; in contrast, it was significantly increased in the left parietal and temporal gyrus. Nodal efficiency was also significantly decreased in the right preSMA and precuneus and was markedly increased in the left temporal gyrus ([Fig. 8](#fig0008){ref-type="fig"}A and B).Fig. 8The significant alteration of the topological properties in the sleep group. (A) The significant alteration of nodal strength. (B) The significant alteration of nodal efficiency. Left: The distribution of the significantly altered brain region. The larger size of the ball represented the smaller p-value. The different colors represented different brain functional networks. As was shown in [Fig. 1](#fig0001){ref-type="fig"}. Right: The detailed significant alteration of brain regions between wakefulness and sleep. \* represented the significant difference between the different states (*p*\<0.05, FDR correction for 160 nodes). Error bar represented SEM.(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)Fig. 8

### 3.9. Decreased efficiency in the pis states compared with natural sleep {#sec0025}

When compared with the sleep state, nodal efficiency was significantly decreased in the right anterior and middle insula, right dorsal frontal cortex (dFC), left precentral gyrus, left temporal gyrus, and right parietal gyrus during the m-PIS state. Nodal efficiency was also significantly decreased in the right ventral lateral prefrontal cortex (vlPFC), right dFC, bilateral vFC, left precentral, left middle insula (mInsula), right PCC, left temporal and left cerebellum ([Fig. 9](#fig0009){ref-type="fig"}A and B).Fig. 9The significant alteration of the topological properties between PIS and sleep. (A) The significant alteration of nodal efficiency between m-PIS and sleep. (B) The significant alteration of nodal efficiency between [d]{.smallcaps}-PIS and sleep. Left: The distribution of the significantly altered brain region. The larger size of the ball represented the smaller p-value. The different colors represented different brain functional networks. As was shown in [Fig. 1](#fig0001){ref-type="fig"}. Right: The detailed significant alteration of brain regions between wakefulness and sleep. \* represented the significant difference between the different states (*p*\<0.05, FDR correction for 160 nodes). Error bar represented SEM.Fig. 9

4. Discussion {#sec0026}
=============

Rich-club organization exhibits a complex network relationship across many different brain regions and carries out the most efficient information transfer throughout the brain ([@bib0008]). Understanding the changes in the rich-club organization of the functional brain network during propofol-induced unconsciousness together with natural sleep-based unawareness will bring new insights into the understanding of neurobiological mechanisms of intravenous GA. In this study, the rich-club organizations in functional brain networks were constructed by rs-fMRI. These constructions were then compared between the two behaviorally similar responsive states: during progressively induced waking-mild-deep sedation by propofol and natural sleep. This led to some interesting discoveries that could explain the clinical and experimental findings reported in previous GA mechanism studies.

4.1. Rich-club reorganization during propofol-induced sedation {#sec0027}
--------------------------------------------------------------

Prior studies have highlighted that rich-clubs of networks play a central role in the overall network structure ([@bib0111]; [@bib0122]). A recent study examined the damage inflicted by attacks on rich-club nodes and found that attacks that specifically targeted rich-club connections impaired the global efficiency approximately three times more than the attacks that were randomly distributed ([@bib0052]; [@bib0111]). These results have suggested that the overall communications in the brain are dominantly controlled by the rich-club organization. Meanwhile, the central role of rich-club regions in long-distance brain communications is in agreement with the recent functional connectivity studies, which have shown that the functional hubs play an important role in optimizing the global brain communication efficiency for healthy cognitive brain functioning ([@bib0024]; [@bib0094]; [@bib0111]). In the functional brain communication area, our study is the first to propose that the rich-club organization is differentially modified by the alteration of consciousness gradually induced by propofol. It is important to note that the rich-club connections were not disrupted but reorganized during the gradual process of losing behavioral responsiveness. The above results indicate that the mechanism of propofol-induced unconsciousness is closely related to the redistribution of brain hubs in the functional networks.

4.2. The transformation pattern of rich-club regions during propofol-induced sedation {#sec0028}
-------------------------------------------------------------------------------------

In particular, our study has shown that the rich-club regions are transferred between high-level cognitive networks (DMN and FPN), sensory and motor networks (SMN and ON), and cerebellum network (CN) during the whole process of unconsciousness induced by propofol. These are in line with the previous finding ([@bib0013]) that the correlation between decreased connectivity and propofol-induced decrease in consciousness is a general rule in most areas of default network and executive control networks. On the contrary, no relationship between connectivity and consciousness could be identified in early visual and auditory cortices. Moreover, under the influence of propofol, a large number of connections were switched over to rich-club connections from local connections.

Our findings are also in agreement with previous studies that have demonstrated that the topological parameters of brain regions are disrupted within the DMN and FPN in the impaired consciousness from rs-fMRI and EEG perspectives, respectively ([@bib0029], [@bib0030]; [@bib0073]; [@bib0109]). A recent study also confirms the previous finding implying the involvement of FPN and DMN, highlighting specific interactions in the network-level topology that may play a key role in mediating consciousness ([@bib0065]). The FPN is thought to be involved in control and attention ([@bib0026]; [@bib0115]) and plays a central role in the cognitive control and adaptive implementation of task demands ([@bib0022]). Moreover, previous studies also revealed a critical role for FPN in switching between the central-executive and the default-mode network. Also, the FPN might be responsible for controlling the coordination and planning of the complex motor functions ([@bib0054]; [@bib0057]). The EEG-based study on GA indicated that the frontal-parietal connectivity was disrupted during PIS ([@bib0063]). Some studies have shown that the response of the auditory cortex to sound stimuli was reduced in different degrees of sedation with propofol, but it was still present ([@bib0035]; [@bib0071]). Auditory cortex response to sound stimuli was not completely blocked when alertness disappeared with a large dose of propofol, but the specific responses to different sounds and vocabulary stimuli were lost ([@bib0089]). The level of alertness depends on the effective change, exchanges, and integration of the information between the cortexes ([@bib0107]). Here, we argue that the transformation and redistribution of hubs from high-level cognitive networks and sensory to motor networks might be the important characterization of unconsciousness induced by propofol.

The number of rich-club regions in the cerebellum network was also significantly altered during the PIS. The cerebellum is traditionally thought to be related to motor functions. It receives inputs from the sensory system of the spinal cord or cortical and subcortical regions and integrates these inputs to fine-tune the motor activity ([@bib0106]). The cerebellum is involved in various functions, including motor speech control, oculomotor functions, grip forces, voluntary limb movement, and classical conditioning ([@bib0075]). The cerebellum is also involved in neural correlations of auditory consciousness, detailed memory retrieval, and trait anxiety ([@bib0037]; [@bib0090]; [@bib0127]). An animal study has also proved the importance of the cerebellum in maintaining consciousness ([@bib0099]). The cerebellar-cerebral connectivity modulation may be an indication of the ameliorating level of consciousness ([@bib0085]). A recent study showed that the activation of the cerebellum was decreased during propofol-induced sedation and the early recovery period ([@bib0102]). In essence, the cerebellum may play an important role in maintaining wakefulness and thus can serve as a major target for general anesthetics.

4.3. Strengthened communication of rich-club organization during propofol-induced sedation {#sec0029}
------------------------------------------------------------------------------------------

A previously reported study has found that the connectivity among a fairly small number of rich-club regions dominated the aggregation throughout the whole brain network, revealing that the rich-club connectivity is leveraged throughout the network ([@bib0122]). Modulating the connectivity pattern in a very small rich-club is sufficient to produce a network with desired assortativity or transitivity. These results indicated that rich-club connections play an important role in brain network communication ([@bib0122]). In our study, the number and strength of rich-club connections were modulated by propofol. In particular, compared with wakefulness, the number and strength of the rich-club connections were significantly increased, while the number and strength of the local connections were significantly decreased during the [d]{.smallcaps}-PIS. Additionally, the number and strength of the rich-club, feeder, and local connections were not significantly different between the m-PIS and wakefulness states. Our findings indicate that more rich-club connections are needed to promote the communication of the whole brain during propofol-induced unconsciousness. Additionally, it is worth mentioning that the definition of "intrinsic connectivity networks" leads to a step towards comprehending the possible action targets of propofol anesthesia ([@bib0033]; [@bib0101]; [@bib0104]). These networks consist of the DMN, the executive control network (ECN), the visual and auditory networks ([@bib0010]; [@bib0078]). They are higher-order information processing networks to support the emergence of mental content and inner self ([@bib0011]). Our study has already revealed that the rich-club connectivity distribution was gradually converting at the period of propofol-induced unconsciousness. Particularly, intra-network rich-club connections of high-order cognitive networks (DMN and FPN) were significantly enhanced, including the inter-network connections between high-order networks and sensory and motion networks. On the contrary, the intra-network rich-club connections of the sensory and motor networks (SMN) were significantly attenuated. These findings were consistent with the previous studies, which indicated that the propofol-induced disconnections might occur within the core regions of the low-order RSNs ([@bib0013]; [@bib0050]), such as the intra-network connectivity between the auditory and visual networks ([@bib0013]). Our results also suggest that the high-order processing networks for verbal processing and memory become closely connected with the sensory network during deep propofol sedation. In brief, communication between the sensory cortices and high-order fronto-parietal cortices was enhanced in propofol-induced unconsciousness, but the intra-network communication between the low-order networks was disturbed. All these results suggest that studying the distribution of rich-club connections provides an insight into the mechanism of functional interactions among the brain regions under the influence of propofol.

4.4. Functional network differences between physiological and pharmacological unconsciousness {#sec0030}
---------------------------------------------------------------------------------------------

Sedation is usually thought to be an analog of sleep because most of the recalls from the subjects who have received sedation are depicted as sleeping, however, they are two separate unconsciousness states ([@bib0015]; [@bib0043]; [@bib0110]). As a whole, the rich-club transfer pattern under the propofol action from high-level cognitive networks to sensory and motor networks was similar to that in the natural sleep in our study. However, the distribution of rich-club regions and connections between the propofol-induced unconsciousness and natural sleep were very different. Moreover, when compared with the natural sleep, the strength and number of rich-club connections were significantly increased, and that of the local connections were significantly decreased during the [d]{.smallcaps}-PIS. A reduction in network efficiency was observed in both local and global brain networks during the anesthetic-induced unconsciousness ([@bib0053]; [@bib0077]; [@bib0080]). These results indicate that the functional brain networks have better assortativity or transitivity but less efficiency during the anesthetic-induced unconsciousness than natural sleep.

We have also found some similar features between the unconsciousness induced by propofol and natural sleep. The rich-club regions located in the bilateral angular gyrus and posterior occipital gyrus were the same in both cases. Previous studies have reported consistent findings that both propofol-induced unconsciousness and slow-wave sleep were associated with a reduction of blood flow in the angular gyri ([@bib0040]; [@bib0045]; [@bib0104]). However, the rich-club regions located in the left ACC and bilateral IPL and IPS only appeared in unconsciousness induced by propofol, while rich-club regions located in the right superior and dorsal frontal cortex, right PCC, left posterior parietal gyrus, and the bilateral temporal gyrus appeared only during natural sleep. In summary, nodal efficiency in the frontal gyrus, precentral gyrus, middle insula, PCC, and cerebellum can be used as a measure for differentiating between anesthetic- and sleep-induced unconsciousness.

4.5. Limitations {#sec0031}
----------------

The current study potentially offers a novel perspective in understanding the neurological mechanism of propofol-induced sedation on a systematic level, but the key limitations cannot be ignored. Firstly, the size of participants in our study was relatively small (17 healthy volunteers, including 8 participants in the PIS and 9 participants in the sleep group), which may have biased the findings of the study. Some important factors were also not considered, such as individual variations. The larger sample size is required in future research to support the findings of the present study. Secondly, the acquisition time of data in the sleep state was not the same as the physiological timetable of individuals due to the limitations of the conditions. A more rigorous, through study and a better scientific experimental design is needed to cope up with the effects of other factors and to verify the current findings in the future.

5. Conclusion {#sec0032}
=============

Loss of consciousness induced by propofol produced widespread changes in the rich-club organization in the human brain and targeted the rich-club reorganization from the high-order cognitive networks (DMN and FPN) to the primary sensory cortices (SMN and ON) and cerebellum network. The overall information commutation of the functional brain networks was strengthened during the propofol-induced alteration of consciousness. Physiological natural sleep also showed a similar rich-club reorganization pattern. The rich-club regions were switched from the high-order cognitive networks (DMN) to the sensorimotor network (SMN, including part of the frontal and temporal gyrus) ([@bib0016]). These findings suggest that the rich-club reorganization of the brain networks might be the common underlying neurological mechanism of physiological and pharmacological unconsciousness. Moreover, compared with the natural sleep, the nodal efficiency of hubs, including the insula, posterior cingulate cortex, frontal gyrus, and cerebellum, were significantly decreased during propofol-induced unconsciousness. This suggests that the local topological properties may be used as a measure to distinguish between the pharmacologic and physiological unconsciousness. In the future, the hub reorganization pattern should be studied in other drug-induced unconsciousness states to determine the neurological mechanism of GA and its connection with slow-wave sleep.
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